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1. Introduction 1 
Intensive livestock operations and industries associated with waste treatment or 2 
disposal are subject to complaints following odour impacts on neighbouring properties.  3 
Usually the impact of odour from these sources is minimised using planning and 4 
regulatory tools, such as imposing a minimum separation distance between odour source 5 
and receptor.  Dispersion modelling is increasingly used to determine the extent of this 6 
separation.  The technique requires inputting standard or measured emission rate factors 7 
and local meteorological data into appropriate modelling software, and using the model 8 
to calculate the separation distance required to achieve odour impact criteria (McGahan 9 
et al., 2000; New South Wales Environment Protection Authority,2001; Sarkar and 10 
Hobbs, 2003; Hayes et al., 2006).  A critical requirement for credible dispersion 11 
modelling is a realistic estimate of the rate at which odour is emitted from the source.   12 
Two general approaches are usually identified to estimate emission rate values for 13 
area sources (Environmental Protection Agency, 2001; Gostelow et al., 2003): 14 
1. Indirect measurement of emission rates using micrometeorological 15 
methods, where this value is derived from simultaneous measurements of 16 
wind velocities and concentrations across the plume profile downwind of 17 
the source, and 18 
2. Direct measurement of rates of emission from an area source using an 19 
enclosure of some sort (typically a wind tunnel or chamber).  In this 20 
technique, data regarding the concentration of compounds of interest in 21 
samples obtained from the device are combined with data regarding the 22 
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physical dimensions of the device and operating conditions to calculate an 1 
emission rate. 2 
Indirect techniques such as micrometeorology do not perturb the emission process 3 
because a sampling device is not used. However, the large number of samples required 4 
to characterise the emitted plume make it impractical for odour assessments.  In 5 
contrast, various sampling devices have been used to collect samples from a range of 6 
area sources (Smith and Watts, 1994; Jiang et al., 1995; Schmidt and Bicudo, 2002; 7 
Heber et al., 2002; Navaratnasamy et al., 2004; Sohn et al., 2005; Hudson et al., 2006b).   8 
The calculation of odour emission rates following collection of a sample with 9 
either a wind tunnel or chamber device involves the following equation: 10 
A
QCE ×=  (1)
where E  (mass/time-area), C  (mass/volume), Q  (volume/time) and A  (area) are 11 
emission rate, gas-phase concentration of compound of interest in air, sweep flow rate 12 
of air or gas through the sampling device and surface area of source covered by the 13 
sampling device respectively. 14 
While the application of either a wind tunnel or other emission device to the 15 
problem of emission rate assessment is simple and the calculation of emission rate 16 
uncomplicated, actual application of different sampling devices to the measurement of 17 
rates of odour emission reveals a fundamental problem.  Recent measurements of odour 18 
emission rate from feedlot pens, feedlot runoff holding ponds and anaerobic piggery 19 
waste treatment ponds using a wind tunnel (Jiang et al., 1995; Wang et al., 2001) and a 20 
dynamic emission chamber (“flux chamber”) (Gholson et al., 1989; Gholson et al., 21 
1991) provided rates of emission that varied by a factor of up to 100.  Representative 22 
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odour concentration and emission rate data for a range of odour sources associated with 1 
intensive livestock production are summarised in Table 1 and Table 2 (Hudson et al., 2 
Unpublished data). 3 
It was obvious from these representative values that the two devices did not 4 
provide equivalent emission rate estimates.  This has serious consequences when 5 
predicting likely odour impact at a set distance from an odour source, or when 6 
determining separation distances to avoid odour impact.  The significance of the 7 
difference in emission rate provided by each sampling device was recently recognised 8 
by the Australian beef industry, who commissioned research to compare the rates 9 
derived from two devices used in Australia for determining odour emissions (Nicholas 10 
et al.,2004).  While this research did not resolve the differences in measured odour 11 
emission rate, it confirmed that these differences in emission rate should be of concern 12 
to regulators and consultants to industries producing or treating wastes and generating 13 
odour.  14 
It is our view that the differences in measured odour emission rate can be explained 15 
at least in part by considering the basic processes of mass transfer and the physical and 16 
chemical properties of odorants.  This paper reviews mass transfer processes with an 17 
emphasis on the properties of odorants and the physical conditions that exist within 18 
odour sampling devices.  Following this consideration, we are in a position to identify 19 
the critical characteristics of sampling devices and appropriate applications of two 20 
commonly used devices. 21 
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2. Measurement of odour emissions 1 
The complete odour assessment process has been well summarised recently 2 
(Standards Australia and Standards New Zealand, 2001; Gostelow et al., 2003; 3 
Schlegelmilch et al., 2005).  Essentially, it consists of the following series of activities: 4 
1. Odour samples are collected from the surface of the odour source using a 5 
suitable device operated according to standard practices [eg. (Balfour et al., 6 
1987; Gholson et al., 1989; Hudson et al., 2006b)]; 7 
2. Odour samples are assessed using dynamic olfactometry, which involves 8 
presentation of a sample of odorous air at known and decreasing dilution to 9 
a panel of air quality assessors with a standardised odour response.  Usually 10 
three series of presentations are made, with odour concentrations calculated 11 
from the second and third presentation series [eg. (CEN, 1999; Standards 12 
Australia and Standards New Zealand, 2001; Hudson et al., 2006a)]; 13 
3. The odour concentration value (calculated according to the dilution of the 14 
original sample) is combined with physical data describing the size and 15 
operation of the sampling device, as outlined in Equation (1) , to calculate 16 
emission rates (Hudson et al., 2006b). 17 
3. Physical and chemical considerations in the context of odour sampling 18 
3.1. Odour as an “analyte” 19 
“Odour” is a complex mixture of many organic and some inorganic chemicals.  In 20 
recent investigations, up to 330 different chemicals were identified in odour samples 21 
derived from piggeries and beef feedlot operations (O'Neill and Phillips, 1992; 22 
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Schiffman et al., 2001; Wright et al., 2005).  More recently Filipy et al. (2006) isolated 1 
and identified 113 different chemicals in air samples derived from an intensive dairy 2 
operation.  The odorous chemicals identified by these researchers belong to a diverse 3 
range of classes of chemicals, including inorganic substances such as ammonia and 4 
hydrogen sulphide; volatile fatty acids such as butyric, iso-butyric and valeric acid; 5 
alcohols, aldehydes and ketones such as heptanal, (present as microbial metabolic 6 
intermediates); nitrogen heterocycles such as indole and skatole; reduced sulphur 7 
compounds including mercaptans and thiols; phenols, such as 4-methyl phenol (para-8 
cresol) and 4-ethyl phenol.  Not all of the chemicals are equally odorous, i.e. odour 9 
detection and recognition thresholds vary considerably (Zahn et al., 2001a; 10 
Tchobanoglous et al., 2003).  Instrumental analysis of odour samples reveals a large 11 
number of odourless or less odorous chemicals (Wright et al., 2005).   12 
A prerequisite governing the selection and use of a sampling technique is that it 13 
should not introduce bias into the analytical process.  All elements of the analytical 14 
process (sampling, analysis and data reduction) may introduce errors or uncertainties 15 
into the measurement process.  For example, in the work by Filipy et al. (2006), it was 16 
noted that collection of samples with a cold-trap isolated a different range of chemicals 17 
to sorbent-based sampling techniques (sampling technique discrimination).  The 18 
absence of volatile fatty acids in any of the samples was attributed to the analytical gas 19 
chromatography column (analytical technique discrimination).  The authors deliberately 20 
introduced sampling bias into the research to overcome the detection limits of the 21 
analytical method.  Volatile materials were collected from the headspace above a 22 
sample of the anaerobic pond liquor to overcome the dilution to which emissions from 23 
pond liquor would naturally be subject.  This approach was based on an assumption that 24 
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equilibrium could be achieved to account for loss of materials on the walls of the 1 
sampling system, and that the enclosure did not depress or enrich the headspace 2 
concentrations of any of the volatile materials.  From the discussion that follows, these 3 
assumptions must be applied carefully.  4 
Consideration of odour as an analyte therefore reveals: 5 
• an odour sample is likely to be a very complex mixture of many chemicals 6 
from a wide range of chemical classes; 7 
• the potential for discrimination and loss of sample constituents during 8 
storage and analysis; 9 
• the real possibility that the sample composition is sensitive to the sampling 10 
technique. 11 
3.2. Mass transfer processes 12 
Mass transfer processes were thoroughly reviewed in the context of wastewater 13 
treatment (Tchobanoglous et al., 2003) and the environmental fate of pollutants and 14 
impacts on the environment (Thibodeaux, 1996; Crosby, 1998; Schwarzenbach et al., 15 
2003).  In the context of odour emission and sampling, it is necessary to focus on 16 
specific principles of the mass transfer process. 17 
3.2.1. Air-water exchange processes – implication of Henry law constant 18 
The volatilisation of odorants from a source such as anaerobic pond liquor, to the 19 
atmosphere above the pond, involves a number of inter-related processes 20 
(Schwarzenbach et al., 2003).  Molecular and turbulent diffusion transports odorants 21 
from the bulk liquor to an aqueous boundary layer at the surface of the liquor.  22 
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Molecular diffusion alone transfers material through this boundary layer, followed by 1 
phase transfer and transport by molecular diffusion alone through an atmospheric 2 
boundary layer on the air-side of the pond surface.  Odorants then diffuse into the bulk 3 
atmosphere and are transported away from the surface of the pond in a turbulent mass 4 
transfer process subject to local meteorological conditions (specifically wind speed and 5 
atmospheric stability).  Three models are generally identified to describe the 6 
volatilisation process: the two-film model, the surface renewal model and the boundary 7 
layer model.  These models and their inter-relationships are fully discussed by 8 
Schwarzenbach et al. (2003), while Roberts and Dandliker (1983) succinctly identify 9 
how these models can be related and applied to the mass transfer of organics from a 10 
liquid surface.  11 
Under ideal, equilibrium conditions, the partitioning of volatile substances between 12 
the pond liquor and the air above the pond is described by Henry’s law: 13 
wateri
i
i C
pH =
 
(2)
where iH  is the Henry law coefficient (numerous units used, typically mol/m
3.Pa), 14 
ip  (pressure) and wateriC  (concentration).  When expressed in a dimensionless form that 15 
describes volatilisation, this equilibrium situation may be represented as: 16 
water
air
C
CH =′
 
(unitless) (3)
where H ′  is the dimensionless Henry law coefficient and airC  and waterC  represent 17 
the air and water concentrations (mass/volume) respectively.  Equilibrium is unlikely to 18 
be achieved under environmental conditions, where the processes of diffusion introduce 19 
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resistance to movement of molecules in both aqueous and atmospheric phases and 1 
turbulent conditions on the air side of the boundary layers exist.  The liquid-film and 2 
gas-film transfer resistances of a solute are related to the respective mass transfer 3 
coefficients as follows: 4 
( ) ( )airairGwaterwaterL CCkCCkJ −=−= ** (mass/area-time)  (4)
where J  is the volatilisation flux (mass/area-time), Lk  is the liquid-film transfer 5 
coefficient or velocity (length/time), Gk  is the gas-film transfer coefficient or velocity 6 
(length/time), waterC  (mass/volume) is the bulk water phase concentration, 
*
waterC  is the 7 
concentration at the water side of the interface (mass/volume), airC  is the bulk air phase 8 
concentration (mass/volume) and *airC  is the concentration on the air side of the 9 
interface (mass/volume). 10 
The concentrations *waterC  and 
*
airC  cannot be measured directly, therefore Lk  and 11 
Gk  cannot be determined individually either.  Assuming that 12 
**
waterair CHC ′=  (5)
the overall flux or transfer of chemical from one phase to the other and direction of 13 
transfer can therefore be described as: 14 
waterL
air
waterL CKH
CCKJ ≅⎟⎠
⎞⎜⎝
⎛
′−=  
(6)
with 15 
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(7)
Equation (7) can also be expressed as  16 
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(8)
where LK1  is the overall transfer resistance across the air-liquid interface and Lk  1 
and Gk  the liquid-phase and gas-phase resistance coefficients respectively.  In any 2 
system, Lk  depends on turbulence in the liquid phase, while Gk  depends on turbulence 3 
in the air phase.  Under environmental conditions, this will be the velocity of wind 4 
across the liquid surface.   5 
As noted above, when expressed in reciprocal form, the transfer coefficients 6 
represent resistance to volatilisation.  If water is chosen as the reference phase, Equation 7 
(8) can also be expressed in terms of transfer velocities with the form: 8 
airiwateriwaterairi vHvv ′
+= 111
 
(9)
where waterairiv , wateriv  and airiv  are the overall, water and air phase exchange 9 
velocities respectively.  Equations (4), (6) and (9) provide the following information 10 
regarding the water-air mass transfer process: 11 
1. The water – air concentration difference determines the size and direction of the 12 
flux of material, while 13 
2. Ranges of values of H ′  can be identified for which the mass transfer process is 14 
dominated by one of the two mass transfer coefficients Lk  or Gk  (or wateriv  and 15 
airiv ).   16 
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The relationship between these coefficients, the dimensionless Henry law constant 1 
and the concentrations of the chemical of interest in the two phases are illustrated in 2 
Figure 1. 3 
Consideration of typical air and water exchange velocities and the relative 4 
viscosities of air and water (Schwarzenbach et al., 2003) reveals that when H ′  has 5 
value of about 10-3, the two terms on the right side of Equation (9) have about the same 6 
value.  When values of H ′  are significantly smaller than ~10-3, air-phase control over 7 
mass transfer dominates, whereas when values of H ′  are significantly larger than ~10-3, 8 
water-phase control over mass transfer dominates.  When H ′  ≈ 10-3 (referred to as 9 
critH ′ ), both water- and air-phase control exists.  The implications of the actual value of 10 
H ′  on the volatility of chemicals from water is summarised in Figure 2.  Similar 11 
relationships between volatility and the magnitude of Henry constant values were 12 
identified experimentally by Smith et al. (1980) and Dilling (1977).   13 
Henry coefficients exhibit temperature dependence so the values identified above 14 
should be viewed as approximate only.  Schwarzenbach et al. (2003) and Staudinger 15 
and Roberts (1996) provide further information regarding the temperature dependence 16 
of Henry coefficients. 17 
3.2.2. Air-water exchange processes – influence of water and air temperature 18 
Water temperature influences the viscosity of water and the molecular diffusivity 19 
of any compound in water.  The boundary-layer model of mass transfer recognised that 20 
molecular and turbulent processes both influenced emission processes.  The Schmidt 21 
number αiSc  was applied to account for the contributions from these two processes: 22 
  12
α
α
α
i
i D
vSc =
 
(10)
where αv  is the kinematic viscosity and αiD  is the molecular diffusivity.  αiSc  is a 1 
dimensionless ratio.  As originally developed and applied to smooth water surfaces, 2 
volatile compounds where air-water transfer was liquid phase controlled and Schmidt 3 
numbers larger than 100: 4 
( ) 32constant −= wiwi Scv  for wiSc  > 100   (11)
where wiv  is the air-water transfer velocity.  Equations (10) and (11) imply that 5 
transfer velocities would increase as molecular diffusivity increased or kinematic 6 
viscosity decreased (i.e. water temperature increases).  An illustrative example provided 7 
by Schwarzenbach et al. (2003) indicates why caution is required when predicting the 8 
effect of changing water temperature on overall exchange velocity.  The impact that 9 
temperature dependence of the Henry coefficient has on emission may be greater than 10 
the effect of other factors such as wind speed or turbulence.  The example cited by 11 
Schwarzenbach et al. (2003) implies that substances with large dimensionless Henry 12 
law constants will be more sensitive to water temperature influences on emission rates 13 
than those with small values of H ′ .   14 
A number of models predict the impact that temperature will have on the 15 
partitioning of organic solutes between air-water binary systems.  These are derived 16 
from the van’t Hoff equation (Schwarzenbach et al., 2003) and are generally of the 17 
form: 18 
T
BAH −=ln
 
(12)
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where A  and B  are constants derived from the ratio of partition constants at 1 
different temperatures, assumed to be constant over the temperature range of interest.   2 
Numerous studies have been made to predict the temperature dependence of Henry 3 
constants for environmentally significant chemicals (Nirmalakhandan et al., 1997; 4 
Gupta et al., 2000; Feigenbrugel et al., 2004).  Nirmalakhandan et al. (1997) 5 
demonstrated that credible estimates of Henry constant could be calculated for 6 
chemicals for which the constant has not been determined experimentally using the 7 
Quantitative Structure Activity Relationship approach.    8 
3.2.3. Air-water exchange processes – influence of wind velocity 9 
It has long been recognised that volatilisation rates can be positively correlated with 10 
wind speed [eg. (Liss and Slater, 1974; Wanninkhof et al., 1991; Wanninkhof, 1992; 11 
Clark et al., 1995)].  A number of models from the literature describing the effect of 12 
wind velocity on water evaporation were summarised by Schwarzenbach et al. (2003), 13 
who proposed a generalised relationship of the form: 14 
3.02.0 10 +≈ uv airwater  (13)
where airwaterv  is the transfer velocity of water to air and 10u  is the wind speed 15 
measured 10 m above the water surface.  Section 3.2.1 identified that turbulent 16 
processes on either side of the water-air interface will influence exchange rates.  The 17 
influence of wind velocity on rates of emission for a range of organic chemicals has 18 
been demonstrated experimentally by a number of research teams. 19 
Rathbun and Tai (1986; 1987) investigated the influence of wind speed and liquid 20 
turbulence on emission rates for ethylene dibromide (EDB).  The Henry constant value 21 
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for EDB indicated that both liquid- and air-phase resistance should be significant in the 1 
emission process.  A strong relationship between wind speed and emission rate was 2 
demonstrated at wind velocities of 0.1 and 2.0 m/s, whereas the influence of liquid 3 
turbulence was less pronounced.   4 
Chiou et al. (1980; 1983) and Lee et al. (2004) investigated the effect of air and liquid 5 
turbulence on the rates of evaporation of a series of organic chemicals with quite 6 
different Henry constant values.  Using benzene and 3-methyl phenol to represent 7 
chemicals with high and low values for H ′  respectively, it was demonstrated that: 8 
• The overall transfer coefficient of benzene (in a benzene/ water solution) 9 
increased by a factor of four as wind speed was increased from 0 to 6 m/s; 10 
• The overall transfer coefficient of 3-methyl phenol (in a 3-methyl phenol/ 11 
water solution) increased by a factor of about forty five as wind speed was 12 
increased from 0 to 6 m/s; 13 
• The impact of wind speed on overall transfer coefficient was very significant 14 
in the range 0 ~ 0.2 m/s, which was interpreted as the range of velocities over 15 
which the system went from a stagnant to steady-state situation. 16 
The authors concluded “the relative effects of air speed on gk  are similar for benzene 17 
and 3-methyl phenol….it is the wide disparity in H ′  between the two solutes that 18 
accounts for the difference in volatilization behaviour….” 19 
Finally, Schwarzenbach et al. (2003) summarised the influences of a number of 20 
factors on water-air mass transfer for a range of chemicals representing low and high 21 
Henry constant values.  It was suggested that mass transfer rates could be modelled for 22 
large and /or polar molecules using air phase transfer velocities only, whereas liquid-23 
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phase velocities could be used to model emission rates for hydrocarbons and non-polar 1 
solvents.  Chemicals with intermediate values of Henry coefficient would need to 2 
include factors for air- and water-phase control. 3 
3.2.4. Air-water exchange processes – influence of water velocity (turbulence)  4 
In Section 3.2.3, the relationship between wind speed and emission rate was discussed 5 
for compounds with small H ′  values.  The impact of liquid turbulence on emission rate 6 
for chemicals with small H ′  values was also investigated.  Roberts and Dandliker 7 
(1983) measured the emission rate for a selection of highly volatile chemicals with large 8 
dimensionless Henry coefficients.  It was demonstrated under laboratory conditions that 9 
the emission rate was very dependent on liquid turbulence induced by a stirrer, once a 10 
threshold power input was exceeded.  They observed that the assumption of liquid phase 11 
control over mass transfer failed for chloroform, the least volatile chemical selected.  12 
This result was interpreted as indicating that air phase control of emission was greater 13 
for chloroform than for the other chemicals with similar characteristics, particularly 14 
under highly turbulent conditions, i.e. chloroform was more subject to both water- and 15 
air-phase emission control than the other chemicals used in the trial,   16 
Dilling (1977) measured evaporation rates for a range of highly volatile organic 17 
chemicals ( H ′  > 0.03) from dilute aqueous solutions.  While positive relationships 18 
between wind speed and emission rate were observed, emission rates were far more 19 
dependent on liquid turbulence.  The observation was made that once liquid phase 20 
resistance exceeded about 90 % (characteristic for H ′  greater than 0.1), the liquid phase 21 
transfer coefficient appeared independent of H ′ .   22 
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These observations for mass transfer of organic chemicals under laboratory conditions 1 
are quite consistent with those observed for the transfer of oxygen to water from the 2 
atmosphere.  Schwarzenbach et al. (2003) summarised theoretical and experimental 3 
evidence to demonstrate that the transfer velocity (air-water) for oxygen was enhanced 4 
by increasing water turbulence.  This effect is far more significant than that obtained by 5 
increasing wind speed across the liquid surface.  An example discussing the relative 6 
importance of air or water induced turbulence for a benzene-water system also confirms 7 
the importance of liquid turbulence on the exchange velocities for chemicals with large 8 
values of H ′ .  9 
3.2.5. Influence of surface contamination 10 
Films or surface barriers on water surfaces such as biofilms or hydrocarbon layers 11 
create an additional transport barrier (proportional to the thickness of the film), as well 12 
as modify the hydrodynamics at the water surface by damping surface fluctuations.  13 
Expressions describing air-water transfer coefficients [such as Equation (9)] can be 14 
modified to include this effect by including additional terms: 15 
waterfilmifilmiairiwateriwaterairi KvvHvv /
1111 +′+=
 
(14)
where filmiv  is the transfer velocity in the surfactant layer.  The expression in Equation 16 
(14) may also be used to account for the effect of a permeable barrier applied to the 17 
surface of an odour source.  Recent research has demonstrated that permeable covers 18 
(including polypropylene geofabric, supported straw and peat) reduce odour emission 19 
rates significantly (Picot et al., 2001; Bicudo et al., 2004; Hudson et al., 2006a; Hudson 20 
et al., 2006b).  Previously, the performance of permeable covers was attributed to both 21 
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biofiltration and physical barrier effects (Miner and Pan, 1995; Xue et al., 1999; Bicudo 1 
et al., 2002).  Consideration of mass transfer principles suggests that the reduction in 2 
odour emission rate could be attributed to an increased resistance to emission through 3 
reduced transfer velocity through the permeable membrane layer.  This would be linked 4 
to the third term on the right hand side of Equation (14). 5 
3.2.6. Influence of chemical reactions 6 
The emission of volatile materials will obviously be influenced by chemical 7 
reactions such as dissociation.  This influence on emission rates would arise from 8 
changes in the effective concentration of the chemical of interest in the liquid boundary 9 
layer.  Schwarzenbach et al. (2003) identify three situations that should be considered: 10 
1. The reaction is slow relative to the time required to transport the chemical 11 
across the liquid boundary layer – no influence on emission rate would be 12 
anticipated; 13 
2. The reaction is rapid compared to the transport time, effectively introducing 14 
a new species into the constituents of the boundary layer; 15 
3. Reaction and transport times are of equal magnitude. 16 
From values listed in Schwarzenbach et al. (2003), typical transfer times range 17 
from a few tenths of a second to tens of seconds.  Reactions such as proton exchange in 18 
water are extremely rapid compared to the transfer times.  Although only neutral species 19 
can be emitted from the water surface, the dissociated conjugate base effectively 20 
enhances the diffusive transport across the water phase boundary [increasing wateriv  in 21 
Equation (9)].  Consideration of the Henry law coefficient for polar substances indicates 22 
that the net effect on transfer velocities is negligible.  Polar substances have very small 23 
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Henry law coefficients – Section 3.2.1 and Figure 2 have already indicated that air-1 
water transfer is almost entirely air-phase controlled for these substances, upon which 2 
wateriv  has no impact.   3 
Slower reactions, such as the hydration-dehydration of aldehydes, occur over 4 
longer timescales (~ 10 s), which are of similar magnitude to those of water-phase 5 
transfer.  An example provided by Schwarzenbach et al. (2003), using formaldehyde 6 
and acetaldehyde as model compounds illustrates that air water exchange may indeed be 7 
enhanced as a consequence of these reactions.  The complex interaction between 8 
processes occurring in the liquid phase, increases in atmospheric turbulence following 9 
an increase in wind speed once again confirms the role that air-phase resistance plays in 10 
the volatilization of polar chemicals (as quantified by the Henry law coefficient).   11 
3.3. Henry law constant values for typical odorants 12 
While a number of compilations of Henry constant values have been published 13 
(Mackay and Shiu, 1981; Staudinger and Roberts, 1996; Sander,1999), none have 14 
focused on odorants specifically.  The review of Staudinger and Roberts (1996) is  15 
particularly useful – it details methods for determining Henry constant values, the 16 
temperature dependence of these values, as well as estimates of accuracy of values 17 
sourced from the literature.  The definitions of Henry law constants provided by both 18 
Staudinger and Roberts (1996) and Sander (1999) are useful to avoid confusion arising 19 
from the different methods of expressing these values encountered in the literature.  20 
Values of Henry law coefficients from these two works are listed in Figure 3 for a 21 
number of odorants associated with emissions from intensive livestock operations.  22 
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While it is not a comprehensive list, it does provide representatives of all the classes of 1 
odorant identified in Section 3.1.   2 
4. Synthesis – implications of physical chemistry processes for odour sampling 3 
techniques 4 
4.1. Henry law constant values  5 
Zahn et al. (2001a; 2001b) identified 18 chemicals that could be associated with 6 
the characteristic odour of piggeries.  Of these, nine were used to develop an olfactory 7 
prediction model.  These comprised acetic, butyric, isobutyric, valeric and heptanoic 8 
acids, phenol, 4-methylphenol, 4-ethylphenol and 3-methyl indole.  Henry coefficient 9 
vales for six of these nine compounds are presented in Figure 3.  This indicates that a 10 
few relatively non-volatile components of piggery waste are overwhelmingly associated 11 
with the objectionable odour of piggeries.  The Henry law coefficients in turn indicate 12 
that their emission rates will be strongly influenced by atmospheric turbulence 13 
(primarily through wind speed).  If it is necessary to estimate odour emission rates 14 
under conditions that reflect typical atmospheric conditions, it is therefore imperative to 15 
select an odour sampling technique that replicates environmental conditions.  Expressed 16 
differently, the selection of a sampling device with aerodynamic characteristics 17 
significantly different to those created by natural conditions might introduce bias in the 18 
assessment process.  Use of a device with unnaturally low air turbulence might favour 19 
the selection of odorants with large values of H ′  (e.g. reduced sulphur compounds), 20 
while artificially reducing the concentrations of odorants with small values of H ′  (e.g. 21 
volatile fatty acids). 22 
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4.2. Liquid and air temperature effects 1 
The liquid temperature has a greater influence on emission rates than does the air 2 
temperature, which can effectively be ignored provided it does not alter the sample 3 
composition after collection.  The selection of sampling device should therefore have 4 
regard for the likely impact on the temperature of the emitting surface.  Irrespective of 5 
the sampling device used, it might be prudent to monitor the surface temperature to 6 
ensure that it is not perturbed during sampling.  Currently this is not recognised in any 7 
review of odour sampling practice. 8 
4.3. Liquid and air turbulence effects 9 
Sections 3.2.3 and 3.2.4 demonstrated a close relationship between liquid and gas 10 
transfer velocities and the turbulence in these phases.  The implications for odour 11 
sampling depend in part on the nature of the odour.  If it comprises highly volatile 12 
compounds with large values of H ′ , liquid turbulence is particularly important, 13 
especially if air velocities or turbulence within the sampling device is low.  As wind 14 
speed (turbulence) within the sampling device increases, emission rates for compounds 15 
with large values of H ′  will increase, but emission rates of compounds with small 16 
values of H ′  will increase even more.  Application of the theoretical principles to real 17 
world situations clearly confirms the role of H ′  and turbulence in determining the 18 
dynamics and fate of organic pollutants (Rathbun, 1989). 19 
These factors are potentially very significant for odour sampling on sources such as 20 
aerated or mixed tanks.  These conditions occur often at municipal wastewater works, 21 
where hydrogen sulphide is a dominant odorant.  Odour samples are often collected 22 
from these sources using relatively non-turbulent devices such as the US EPA dynamic 23 
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emission chamber (Witherspoon et al., 2002; Koe et al., 2002; Sattler and McDonald, 1 
2002; Nagaraj and Sattler, 2005).  This is an unfavourable combination of 2 
circumstances – the turbulent liquid surface favours emission of compounds with large 3 
H ′  (e.g. hydrogen sulphide) while the low air turbulence within the emission chamber 4 
possibly depresses the emission of other odorants (with small H ′ ) relative to ambient 5 
conditions.  These phenomena were recognised by Sattler et al. (2002), who suggested 6 
that emission rate values derived using devices similar to the US EPA flux chamber 7 
should be compensated using a factor to account for wind turbulence. 8 
4.4. Impact of magnitude of Henry law constant 9 
The foregoing discussion confirms that odour sampling practice should have regard 10 
for basic physical chemistry principles.  It is impossible to separate the interactions of 11 
factors such as liquid and air turbulence, wind fetch, surface roughness and temperature, 12 
which makes the overall emission process very complex.  The magnitude of the air 13 
water transfer velocities is however determined mainly by wind speed and the Henry 14 
law constant of the individual compounds (Schwarzenbach et al., 2003).  Following 15 
consideration of the range of devices that have been constructed to collect samples of 16 
volatile materials, it appears quite likely that the interaction of H ′  and the air 17 
turbulence within the device has been under-recognised, and the potential impact on 18 
measured odour emission rates ignored.  Table 3 provides a summary of the likely 19 
influence that aerodynamic conditions associated with the sample collection technique 20 
combined with the nature of the odorous chemical is likely to have on the observed 21 
odour emission rate. 22 
  22
5. Conclusions  1 
Consideration of fundamental physical and chemical principles reveals that the 2 
selection of an odour sampling device may influence the composition of the resulting 3 
odour sample.  Limited comparison of emission rates derived from turbulent and 4 
essentially quiescent sampling devices confirms that the concentrations and emission 5 
rates derived following analysis of samples provided by these devices are quite 6 
different.  There is therefore compelling evidence that current odour sampling practice 7 
should have regard for these factors and identify the situations under which these 8 
devices may be used appropriately. 9 
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Table 1.  Comparison of odour concentration values obtained using the University 5 
of New South Wales wind tunnel (UNSW WT) and US EPA dynamic emission 6 
chamber (US EPA FC) 7 
Odour concentration (OU/m3) Odour source 
UNSW WT US EPA FC 
Anaerobic liquor 1448 5248 
Anaerobic liquor 693 3197 
Anaerobic liquor 487 3360 
Feedlot pen (dry) 51 406 
Feedlot pen 
(damp) 
469 1765 
Permeable pond 
cover 
39 181 
 8 
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 1 
 2 
Table 2.  Comparison of odour emission rate values obtained using the University 3 
of New South Wales wind tunnel (UNSW WT) and US EPA dynamic emission 4 
chamber (US EPA FC) 5 
Odour emission rate (OU/m2 s) Odour source 
UNSW WT US EPA FC 
Ratio odour 
emission rate, 
WT/FC 
Anaerobic liquor 201 3.37 61 
Anaerobic liquor 132.6 2.05 49 
Anaerobic liquor 111.3 0.898 100 
Feedlot pen (dry) 11.2 0.3 37 
Feedlot pen 
(damp) 
100.7 1.1 91 
Permeable pond 
cover 
6.4 0.11 60 
 6 
  1 
Table 3.  Likely impact of aerodynamic conditions on observed odorant and odour emission rates 1 
Likely influence on emission rate of various 
chemicals on basis of Henry coefficient 
Odour 
sampling 
technique 
Predominant 
aerodynamic 
condition H' large 
H' 
intermediate 
H' small 
Likely implications for 
emission rates of specific 
odorants 
Likely observed impact 
on odour emission rate 
Still conditions 
(low 
turbulence) 
Relative 
increase 
Relative 
increase for 
small H' 
Relative 
decrease 
Hydrogen sulphide, mercaptans 
and thiols over-represented relative 
to more polar odorants 
 
Relatively low odour 
emission rate 
 
Device- 
independent Windy 
conditions 
(high 
turbulence) 
Increase Increase 
Increase with 
wind speed, 
increase relative 
to compounds 
with large H' 
Emission rates for all odorants 
increased, but more so for polar 
compounds e.g. volatile fatty acids 
and phenols 
 
Relatively high odour 
emission rate 
 
Flux 
chamber 
Low 
turbulencea 
Relative 
increase (vs 
wind tunnel) 
Relative 
increase (vs 
wind tunnel)  
Relative 
decrease (vs 
wind tunnel) 
Hydrogen sulphide, mercaptans 
and thiols over-represented relative 
to more polar odorants 
 
Low emission rate 
relative to wind tunnel 
and device-independent 
techniques 
  2 
 
Wind tunnel 
Moderate 
turbulencea 
Relative 
increase (vs 
flux chamber)
Relative 
increase for 
small H' (vs 
flux chamber)  
Marked increase 
(vs wind tunnel) 
More polar odorants such as 
phenols and volatile fatty acids 
increasingly represented in odorant 
composition relative to hydrogen 
sulphide, mercaptans and thiols 
High emission rate 
relative to flux chamber, 
comparable to emission 
rate derived from device-
independent techniques 
 
a From Hudson and Ayoko (Hudson and Ayoko, Accepted for publication) 1 
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Figure 1.  Relationships between dimensionless Henry law constant, transfer 4 
coefficients, concentration and phases 5 
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Figure 2.  Relationship between dimensionless Henry law constant, volatility and 3 
air- and liquid-turbulence [after Crosby (1998) and Schwarzenbach et al. (2003)] 4 
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Figure 3.  Values of Henry constant for representative odorants and other 2 
environmentally relevant chemicals, where A, B and C indicate species where emission 3 
rate is dependent primarily on air phase turbulence, both air and liquid phase turbulence 4 
and liquid phase turbulence, respectively.  5 
